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CONDENSATION OF NATURAL REFRIGERANT MIXTURES 
IN HORIZONTAL SMOOTH TUBE 
-PREDICTION MODEL AND CALCULATION RESULTS-
Shigeru KOYAMA, Jian YU and Akira ISHIBASHI 
Institute of Advanced Material Study, Kyushu University, Kasuga 816-8580, Japan 
ABSTRACT 
This paper deals with the heat exchange performance prediction of a counter flow double-tube condenser 
for binary natural refrigerant mixtures (propane/n-butane & propane/i-butane ). The local characteristics of the 
heat transfer and pressure drop are calculated using a prediction method developed by authors, and the total 
pressure drop, the overall heat transfer coefficient and the average heat transfer coefficient are evaluated on 
various heat transfer conditions. It is confirmed that heat transfer performance of the natural refrigerant 
mixtures is higher than that of HCFC22 in most cases. 
INTRODUCTION 
According to the decision in COP3 (Kyoto, Japan, 1997), the hydrofluorocarbons will be limited in use 
for their global warming effect, although they have no ozone-depletion potential and have been already used as 
the alternatives in heat pump and refrigeration system. This requirement forces us to find some new 
alternatives that have not any ozone-depletion potential and relatively low global warming effect. In the 
present stage, the hydrocarbons, such as propane, n-butane, i-butane, have been considered as compatible 
materials [1]. 
In the present paper two kinds of natural refrigerant mixtures of propane/n-butane and propane/i-butane 
are selected as candidates for alternatives, and their condensation characteristics in a counter flow double-tube 
condenser are predicted using a non-equilibrium model proposed by authors [2]. The prediction results of the 
natural refrigerant mixtures are compared with those of HCFC22. 
PREDICTION MODEL 
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Figure 1 shows the physical model of a counter flow 
double-tube condenser. The refrigerant vapor mixture 
flowing into an inner horizontal smooth tube with a mass 
flow rate Wvo (mass velocity G,) starts to condense at the 
axial position z = 0. At an arbitrary position z in two 
phase region (vapor quality x ), the refrigerant bulk vapor 
is represented by thermodynamic state (P,TVb,hVb,yVb), 
the vapor-liquid interface is of state (P, T;, Yv;, Yu), and 
the refrigerant bulk 1i quid is of state (P, T u., h u., y lb ) , 
where P , T , h and y denote the pressure, the 
temperature, the enthalpy and the mass fraction of more 
volatile component, respectively. The cooling water 
flowing counter-currently in an outer annulus with mass 
flow rate We (mass velocity Gc) is of temperature Tc. 
Symbols T.,, and T.,,, denote the inside and outside wall 






temperature of the inner tube, respectively, and q., is the wall heat flux based on the inside surface area of the 
inner tube. Symbols m, rnA and mB denote the total condensation mass flux and the condensation mass 
fluxes of more volatile and less volatile components, respectively. Symbols aL and ac are the heat transfer 
coefficients of refrigerant liquid and cooling water, respectively, and symbols f3v and {3L are the mass 
transfer coefficients of refrigerant in vapor and liquid phases, respectively. 
The condensation characteristics of refrigerant mixture are calculated using a non-equilibrium model 
proposed by authors [2]. In this model the following assumptions are employed: 
(1) The phase equilibrium is only established at the vapor-liquid interface. The bulk vapor is in saturation, 
while the bulk liquid is subcooled. 
(2) The frictional pressure change is estimated by the correlation equation shown in Table 1. This equation 
was developed for the condensation of pure refrigerant in a horizontal smooth tube (Haraguchi et al. [3]). 
In the prediction of pressure drop the void fraction 1/J is estimated by the Smith equation [4]. 
(3) The heat transfer coefficient of the liquid film is estimated from the correlation equation shown in Table 1. 
This equation was developed for the condensation of pure refrigerant in a horizontal smooth tube 
(Haraguchi et al. [5]). 
(4) In the liquid film the radial distribution of mass 
fraction is uniform, and the mass transfer coefficient 
is infinite. 
(5) The mass transfer coefficient of vapor core is 
calculated by the correlation equation shown in Table 
1. This equation is derived from the correlation 
equation of the frictional pressure drop, based on the 
Chilton-Colburn analogy. 
The basic equations to predict the heat transfer 
performance of a double-tube counterflow condenser are 
summarized as: 
(a) Momentum balance of refrigerant 
dP 4Wvo d [ x 2 (l-x)2 ] dPF (1) d;=- trdwi 2 dz 1P 2Pv + (l-1J1)2 pL + dz 
where the void fraction 1J1 and the frictional pressure 
change dPF j dz are calculated using correlation equations 
in Table 1. 
(b) Heat balance of refrigerant 
q., =- Wvo ~{x hVb + (1- X Yzl.b }= aL (T; - T-.1) (2) 
n d.,1 dz 
where the liquid film heat transfer coefficient aL is 
calculated using the correlation equation in Table 1. 
(c) Mass balance of more volatile component in vapor 
core 
• Wvo d ( ) Wvo Yv; dx j3 ( ) 
mA = ---- X YVb = - v Yv, - YVb 
:n:d.,1 dz :red..; dz 
(3) 
where the vapor mass transfer coefficient f3v is 
calculated using the correlation equation in Table 1. 
(d) Mass balance of more volatile component in liquid 
film 
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Table 1 Correlation equations used in 
prediction calculation 
Correlation equation for frictional pressure drop [3] 
1175 
Wv"' dPddz =l+0.5[ G l x;,o.>s 
dPv/dz Jgd.,;pv(PL- Pv) 
where: 
dPv 0.092Gx 2 
dz d,.; Pv(G xdw;/ /-lv )0.2 
X n = ( 1: X r ( :: r ( ::f 
Correlation equation of void fraction [4] 
-I 
l'<c+n4 1-x l 
'ljl= l+~c-x) 0.4+0.6 Pv x 
PL X -~ 1+0.4 1:x 
Correlation equation of liquid film heat transfer [ 5) 
M - aL dw; - (M 2 M 2 y/2 u~--- uf + Ua 
AL 
where: 
NuF ""0.0152(1 + 0.6Prt8 )( Wv /Xu )Ret"" 
I 
Nu 8 = 0.725H(tp)( G~ZL r 
H(!Jl) ='ljl +{10[(1-tp)o.' -1)+1.7xl04 Re}..j:;p(1-..j;p) 
ReL ~ G(l-x)dw; R Gd-.; , e=--
i-lL /-lL 
Correlation equation of vapor mass transfer 
Shv "'f3v dw; =0.023,1; 41/ Re/8 Sc/13 
pvD 
Yu, = Yu 
(e) Relation between vapor quality and mass fraction 
X= (yVbO- yu,)/(yVb- yu,) 
where yVbO is the bulk mass fraction of more volatile component at the refrigerant inlet. 
(f) Radial wall heat conduction in the inner tube 
2A.,. (T ... ; - T .... ) 
q ... = d ... ; In( d.,. I d ... ;) 
where A.. is the thermal conductivity of the inner tube. 
(g) Heat balance of cooling water 





In the prediction calculation the local values of vapor quality, the thermodynamic states of refrigerant bulk 
vapor, vapor-liquid interface and refrigerant bulk liquid, wall temperature, wall heat flux and cooling water 
temperature are obtained by solving equations (1) to (7) when the conditions of refrigerant and cooling water 
at the inlet of the condenser are specified together with dimensions of the condenser. The dimension of the 
double-tube condenser evaluated in the present study is 
shown in Table 2. The inner tube is smooth copper one 
with 7.9 mm I. D. and 10.0 mm 0. D., and the outer tube 
is 16.0 mm I. D. The total condensation tube length is 5.0 
m. The calculation condition for propane/n-butane and 
propane/i-butane is shown in Table 3. In each case the 
refrigerant vapor at the inlet is saturated, and the total 
condensation tube length L , the total heat transfer rate 
Table 2 Dimensions of condenser 
QT, the mass velocity of cooling water 
G c and outlet temperature of cooling 
water T OJ are given as constant values. 
The prediction calculation of HCFC22 
is also done on the same condition as 
that for each case of propane/butane 
mixture. The mass velocity of HCFC22 
is shown in Table 3 for reference. 
Thermodynamic and transport 
properties of the propane/ butane 
mixtures are calculated using the 
program package REFPROP Ver. 5.0 
(Gallagher et al., [6]). 
Inside diameter of inner tube d.,; [m] 0.0079 
Outside diameter of inner tube d.,. [m] 0.010 
Inside diameter of outer tube D [m] 0.016 
Total condensation tube length L [m] 5.0 
Table 3 Calculation condition for Propane/n-Butane and 
Propane/i-Butane 
Case Refrigerant YVbO Gc To;, QT {G,)HcF= 
rkg!kgl rkg/(m2s)] rq rkWl [kg/(m2s)] 
(a-1) Propane 0.0- 300 40.0 2.431 300 In-Butane 1.0 
(a-2) Propane o.o- 300 40.0 2.912 360 In-Butane 1.0 
(a-3) Propane o.o- 200 40.0 2.441 300 In-Butane 1.0 
(a-4) Propane o.o- 400 40.0 2.422 300 In-Butane 1.0 
(b-1) Propane 0.0-- 300 40.0 2.431 300 li-Butane 1.0 
RESULTS AND DISCUSSION 
Figures 2 (a) and (b) show the prediction results of 35wt%propane/65wt%n-butane and 85wt%propane 
/15wt%n-butane, respectively, for Case (a-1). In both figures the values of T Vb, T; and T u decrease in z-
direction due to zeotropic characteristics of the mixtures. The temperature difference (T Vb - T;) also decreases 
in z-direction. This reason is that the vapor diffusion mass flux of more volatile component at the vapor-liquid 








YVbO = 0.350 kg/kg 
P0 = 0.778 MPa 
G, = 135.2 kgl(m 2l) 
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YvbO = 0.850 kg/kg 
Po= 1.411 M'Pa 
G, = 150.9 kg/(m2l) 
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Figure 2 Prediction results of Propane/n-Butane mixtures (Case (a-1)) 
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J::r', Figure 3 shows the relation between the 
mass velocity of refrigerant G, and the mass 
fraction of more volatile component at the 
refrigerant inlet yVbO, where symbols 0, .6., 
0, V and 0 represent the results for Case 
(a-1), (a-2), (a-3), (a-4) and (b-1), respectively. 
In all cases the G, values of propane/n-butane 
and propane/i-butane are lower than that of 
HCFC22 shown in Table 3 and have the 
minimum near yVbO =0.25[kglkg]. 
100 I.-----1.......-L--1.......-~1.......-...__L..........JL..........J'---' 
0 0.2 0.4 0.6 0.8 
YVbo [kg/kg] 
Figure 4 shows the relation between the Figure 3 Relation between G, and yVbO 
total pressure drop of refrigerant /J.P and the 
mass fraction of more volatile component at the 
1 
refrigerant inlet yVbO, where symbols e and .6. represent the results for Case (a-1) and (b-1), respectively. 
In the figure the result of HCFC22 is also plotted using symbol 0 for reference. Both .t1P values of 
propane/n-butane and propane/i-butane decrease with increase of yVbO , and are almost the same when the 
value of yVbO is lager than about 0.25[kg!kg]. It is also found that the /J.P values of propane/n-butane and 
propane/i-butane are lower than that ofHCFC22 when yVbO is larger than about 0.35[kglkg]. 
Figure 5 shows the overall heat transfer coefficient of propane/n-butane and HCFC22. The overall heat 
transfer coefficient K,. is defined by 
(8) 
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Figure 4 Relation between .M' and yVbO 
the K"' value of propane/n-butane once decreases with 
increase of yVbO and reaches a minimum near yVbO =0.75 
[kg/kg]. Then it increases again with increase of y\lb(). The 
Km value of propane/n-butane in the region of yl/b() s 0.35 
[kg/kg] or y VbO ;a: 0. 85 [kg/kg] is higher than that of 
HCFC22. It is also confirmed that the Km value of 
propane/i-butane in almost all region of yVbO is higher than 
that of HCFC22. 
The average heat transfer coefficient of refrigerant in 
total condensation region ann is evaluated from the 
following equation. 
~1-=_1 ___ 1_zn(dwo )--1-
a,mdw; Kmdwl 2A,. dw; acdwo 
(9) 
The calculation results of Case (a-1) and (b-1) are shown in 
Figure 5. In this figure the result of HCFC22 is also plotted 
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Figure 5 Relation between K"' and yVbO 
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by a dashed line with symbol 0. In both cases of Figure 6 Relation between ann and yVbO 
propane/n-butane and propane/i-butane, the relation 
between ann and yVbO has almost the same trend as that of 
Km. In the case of propane/n-butane the value of a"" in the region of yVbO s 0.35 [kg/kg] or 
yVbO ;a: 0.85 [kg/kg] is higher than that of HCFC22, while in the case of propane/i-butane the value of a"" in 
almost all region of yl/b() is higher than that ofHCFC22. 
CONCLUSIONS 
Using a non-equilibrium model proposed by authors, the heat transfer and pressure drop characteristics of 
natural refrigerant mixtures (propane/n-butane and propane/i-butane) condensing in a double-tube counterflow 
heat exchanger is predicted on various conditions such as inlet mass fraction of refrigerant, mass velocity of 
refrigerant and cooling water. The prediction results are compared with those of HCFC22. 
(1) The values of mass velocity of propane/n-butane and propane/i-butane are lower than those of HCFC22 on 
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the same heat transfer condition. This reason is that the latent heat of propane/n-butane and propane/i-
butane is higher than that of HCFC22. 
(2) The values of total pressure drop of propane/n-butane and propane/i-butane are lower than that of HCFC22 
when the inlet mass fraction of more volatile component is larger than about 0.35(kg!kg]. 
(3) The overall heat transfer coefficient of propane/n-butane in the region of yVbO s 0.35 [kg/kg] or 
yVbO ~ 0.85 [kg/kg] is higher than that of HCFC22, while that of propane/i-butane in almost all region of 
Yvw is higher than that of HCFC22. 
(4) The average heat transfer coefficient of propane/n-butane in the region of yVbO s 0.35 [kg/kg] or 
Yvw ;;: 0.85 [kg/kg] is higher than that of HCFC22, while that of propane/i-butane in almost all region of 
yVbO is higher than that of HCFC22. 
The natural binary refrigerant mixtures (propane/n-butane & propane/i-butane) seem to be appropriate 
candidates for the alternative of HCFC22 from the viewpoint of thermal design. 
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